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1 Intr oduction

Control of ow separatiorby suctionwas rst demon-
stratedby Ludwig Prandtl[I] togetherwith the presen-
tationof hisboundarylayertheory Sincethattime, mary

active and passve techniquesto control wall bounded
o ws have beendeveloped.If the uid is electricallycon-

ducting,an additionalpossibility of o w controlis given

by the applicationof a Lorentzforcef. This electromag-
netic body force resultsfrom the vector productof the

magnetidnductionB andthe currentdensity;:

f=j B: Q)
The currentdensityis givenby Ohm's law
j= (E+U B); @)

where E denotesthe electric eld, U the velocity, and
the electricalconductvity, respectrely. Dependingon
the conductvity of the uid, onecandistinguishbetween
two differenttypesof magnetohydrodynam(MHD) o w
control. If the uid hasa high conductvity in the orderof
10°S/mlik e liquid metalsor semiconductomelts,an
externalappliedmagneticeld alonecanhaveastrongin-
uenceonthe o w. Asdescribedy therighttermof Eq.l2
theinteractionof the o w with the magneticeld causes
electricalcurrentdn theliquid. Thesecurrentsaagaininter
actwith theexternal eld andgenerateghe Lorentzforce
eld asgivenby Eq.[l Typical electrolytedik e seavater
possess muchlower electricalconductvity in the order
of 10S/m. Therefore,electricalcurrentsgenerated
bytheU B termaretoo smallto producea noticeable
Lorentzforce. In orderto obtain currentdensitieslarge
enoughfor o w controlpurposesn electrolytesanaddi-
tional externalelectric eld E hasto beapplied.
Theideatoin uencetheboundaryjayerof alow conduct-
ing uid by electromagnetitorcesdatesdackto the1960s
[2]. Onlyrecentlyit hasattractechew attentionto control
turbulent boundarylayers|3, 4, 5, [6]. Several different
force con gurations have beeninvestigatedmainly with
the aim to reducethe skin friction of turbulentboundary
layers.The applicationof wall normalLorentzforceshas
beenstudiedexperimentallyby Nosenchuclandcowork-
ers[3,[7]. They reportlocal skinfriction reductionsby up
to 90%. However, numericalsimulationsof comparable
con gurationsby O'SullivanandBiringen[8] and Craw-
ford [9] have not shavn this strongreduction.The useof
wall parallelforcesin streamwisalirectionwas rst pro-
posedby LielausisandGailitis [[Z]. Thein uence of such
aforceonaturbulentboundarylayerhasbeenstudiedex-
perimentallyby HenochandStac€5] andnumericallyby
Crawford andKarniadakig6]. Both reporta reductionof
streamwisevelocity uctuations, but also an increaseof
the skin friction with appliedLorentzforce. An oscillat-
ing wall parallelLorentzforce in spanwisedirectionhas
beenthe subjectof a numericalstudy by Kim [[I0]. He
foundskinfriction reductionsby up to 30%.
The aim of the presentarticleis to give a shortovervien
of the experimentalresultsobtainedby the authors. The
investigationsare focusedon the use of wall parallel

Lorentz forcesin streamwisedirection to control a at
plateboundarylayerand o w separatioron hydrofoils.

2 Theory and Parameters

A streamwisd orentzforce canbe generatedy a strip-
wise arrangemenbf electrodesand permanenmagnets
of alternatingpolarity and magnetization,respectiely.
Fig.d shows a sketchof suchageometry If oneassumes
both electricand magnetic elds to have componentsn
y andz directiononly andneglectsthe inducedcurrents
(U B) comparedotheappliedone E,thecrossprod-
uctj B hasanx componenbnly. For givenmagneton-
guration the distribution andthe amplitudeof the force
canbedeterminedy the polarity of theelectrodesndthe
magnitudeof the currentdensity That meansalsotime
dependentorcescaneasilybe appliedby just feedingan
appropriatecurrentto the electrodes.However, electro-
chemicalaspectdik e the productionof electrolytic bub-
bleshave to beconsidered.
The conceptof Gailitis andLielausis[iZ] proposedo use
astreamwisé orentzforceto stabilizealaminar at plate
boundarylayer. A tremendouseductionof skin friction
will resultfrom transitiondelay sinceturbulentskin fric-
tion in generalis ordersof magnitudelarger than lami-
narone. Theforce distribution producedby the stripwise
geometryshown in Fig. [l canbe calculatedby seriesex-
pansionof the magneticand electric elds. As already
found by Grienbeg [11] the resultingforce decaysin a
goodapproximationexponentiallywith the wall distance
y. Consideringalsohigherterms,a variationof the force
densitywith the spanwiseoordinatez appearsThisvari-
ationarisesfrom the singularitiesof the equationdor the
magneticandelectric eld atthe cornersof the magnets
andelectrodesrespectiely. In Fig.[ the distribution of
theLorentzforcecalculatedy the nite elementMaxwell
solver OPERA is shavn. An exponentialdecay away
from the wall, but alsothe distinct maximaof the force
causedy thesingularitiesareclearlyvisible.
Averagedover the spanwisecoordinatez, the meanforce
densityis givenas

F = gloMoe e ®3)
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Figurel: Sketchof theelectric(thin) andmagnetiqthick)
elds andtheresultingLorentzforce (gray arrow) overa
at plate
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Figure2: Calculated_orentzforcedistribution

WherebyM ; denoteghe magnetizatiorof the magnets.
Magnetsandelectrode$ave the samewidth a. Following

the approachof Tsinoberand Shtern[12], the boundary
layer equationswith electromagneti¢orce term may be

writtenas

@ @ 1dp @u joMo _ _y.
‘& 'e “t @ts
@ @ .
— + = 0: (4)

As usually u denotegthe streamwisecomponeniof the
velocity andv the wall normalone. is the uid den-
sity and its kinematicviscosity After normalizationof
equation@ with thevelocity of the outer o w Ug andthe
electrodespacinga, a nondimensionabarameter
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appearslescribingtheratio of electromagnetito viscous
forces.It correspondso thesquareof the Hartmanmum-
berif onecomparest with usualMHD o ws.
For the canonicalcaseof a at plate boundarylayer,
the streamwisepressuregradientdp=dx is zero. Pro-
vided Z = 1, the boundarylayer thicknessreachesan
asymptoticvalue. Thatmeansthe momentumiossdueto
the wall friction is just balancedoy the momentumgain
causedyy the electromagnetiforce. In consequencan
exponentialboundarylayerpro le

u —

Uo
developswhich is similar to the asymptoticsuctionpro-
le. This prole hasatwo ordersof magnitudehigher
critical Reynoldsnumberthanthe Blasiuspro le [[13], so
transitionwill bedelayedconsiderably
Flow separationoccursaccordingto Prandtl [I] when
uid deceleratedy friction forcesis exposedto an ad-
versepressurgradientstrongethantheremainingkinetic
enegy of the uid. The boundarylayer separategrom
thewall andarecirculationregion forms. In consequence
form dragincreasesindpossibldift decreases.
To prevent separation,the momentumde cit of the
boundarylayer hasto be overcomeandthe pressureyra-
dient of the outer o w hasto be balanced. Experimen-
tal demonstratiorof separatiorpreventionon a circular
cylinder by meansof a streamwisel orentz force with
accompawing numericalsimulationshave beengivenin
[T4].
The normalizationof the full Navier—Stoles equations
leadsto anadditionalnondimensiongbarameter
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Figure3: Meanvelocity pro les for the at platebound-
arylayerin parallel o w.

N istheso—callednteractionparametegiving theratio of
electromagnetito inertial forces. By is herethe surface
magnetizatiorof the permanenmagnetsandL is a char
acteristiclengthequalto the chordlengthc in the caseof
hydrofoils. Obviously N; Z andRe arenotindependent,
sinceZ=N Re.

3 Experimental Results
3.1 Flat Plate

The at plateboundarylayer measurementserecarried
out at the Hamhurg Ship Model Basin (HSVA). As elec-
trolyte aqueoussodiumchloride with a concentratiorof
3.65% was usedthroughoutthe experiments. It hasan
electricalconductvity of approximatelybS/m.LDA mea-
surementf the at plate boundarylayer took placein
themediumcavitationtunnel. The platehas25 electrodes
and 25 magnetstrips, each10mmin width. The mag-
net/electrodarraystartsat 100mmfrom theleadingedge
of the plate and has a length of 400mm. Overall, the
platemeasure$00mm 590mmandwasmountedin the
middle of the tunnel. Leadingedgeandtrailing edgeare
rounded. The magnetggenerateninductionof 0.35T at
their surfaceandconsistof neodymium—iron—bmn (Nd-
FeB).Theelectrodesremadefrom stainlessteel.

In asecondseriesof experimentghetotal dragof theplate
hasbeenmeasuredy meansof a force balance. These
measurementsave beencarriedout at HSVAs arctic en-
vironmentaltestbasin.A moredetaileddescriptionof the
experimentakquipmentanbefoundin [[15)].

The effect of a streamwisd.orentzforce on the meanve-
locity prole of a at plate boundarylayeris shawvn in
Fig.@ This pro le wasmeasuredt the downstreamend
of the electrode/magnedrray i.e. at x = 500mm with x
measuredrom theleadingedge.Thewall distancds nor-
malizedwith theboundarylayerthicknessf theunforced
boundarylayer o. A Reynolds numberRe = Ugx=
of 1:8 10° slightly below thetheoreticaltransitionvalue
characterizethe o w. As canbeseernfrom the uctuating
velocitiesin Fig.@withoutthe Lorentzforce (Z = 0) the
boundarylayer o w is notlaminarasit couldbeexpected
for suchnon-optimizecconditions.A similar conclusion
canbedrawn by looking closerat the meanvelocity pro-
le, which is anintermediatepro le betweena Blasius
andalogarithmicone. This early transitionof the bound-
ary layeris probablycauseddy the high turbulencelevel
of 2%in the cavitationtunnel.

Thusthe streamwise_orentz force is, in contrastto the
theory appliedto aturbulentboundarylayer. ForZ = 1:2
thein uence of theforceonthe o w consistan amoder



1.4

. Re=1.8 16
12} > Z=0
1t - e 7Z=1.2
o 08! “D' . s Z=12.9 Bordel
g « 7=12.9 Middle
06 o .o i
0.4 | R
0.2 s L Em B

O 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
u'/Ug

Figure4: rms—aluesof thestreamwiseomponentor the
at plateboundarylayerin parallel o w.

ateacceleratiorof thenearwall uid. Thevelocitypro le
becomeduller, but its shapeis not an exponentialone.
Mainly three reasonsshouldbe responsiblefor this be-
havior. At rst, theearlytransitionof the boundarylayer
causegonditionsnot consideredn thetheory Secondn
orderto establishthe asymptoticpro le, a certainevolu-
tion length hasto be covered. A roughestimatecanbe
given by looking at the de nition of the dimensionless
streamwisecoordinate:x° = ?x=(a?Up). x° should
atleastbein theorderof 1 to allow theasymptoticpro le
to develop. An inte(gration of the boundarylayer equa-
tions show thatat x” = 7 the boundarylayer pro le for
Z = 1 hasstill ameandeviation of 1% from theexponen-
tial shape.The pro les in Fig. @ aretakenat x® = 0:13,
i.e.atapositionfar from therequiredone. Third, thereal
forcedistribution differsfrom theidealone. Theirz mod-
ulationscouldhaveinsteadf thedesiredstabilizingeffect
adestabilizingoneby possiblytriggeringtransitiondueto
secondarynstabilities.

Looking attherms—waluesof the streamwiseomponena
dampingdueto theappliedforcenearthewall is found,an
effectalreadydescribedn the experimentof Henochand
Stace][§]. A strongaccelerationascausedy afavorable
pressurgradient,hasa relaminarizingeffect on the o w
[1€]. Dissipationin the nearwall regionis increasedand
turbulenceproductionis suppressedJnlike thefavorable
pressur@radientthe Lorentzforce actsmainlyin thedi-
rectproximity of thewall, thereforegeneratingadditional
velocity gradientsaway from thewall. Furtherincreaseof
Z upto 12.9resultsin anincreaseof the streamwiseuc-
tuationsin this region.

At Z = 129 the meanvelocity pro le shavs the form
of awall jet, demonstratinghe strongacceleratingffect
of the Lorentzforce. Fig.3 givesthe ow pro le attwo
distinctpositionsin the spanwisecoordinatez, atthe bor-
der of a magnetand an electrodeand above the middle
of a magnet. The resultof the spanwisemodulationson
the velocity distribution is clearlyto be seen.The o w is
strongeraccelerate@t the force maximathanat the min-
ima.

ForZ = 7:5andRe = 3:7 10° onecanobseneabound-
ary layerof practicallyconstanthicknessover the whole
lengthof the magnet/electrodarray Hereby the pro les
were measuredt an electrode—magnetorderwherethe
Lorentzforce hasits maximum. Shtern[lL4] usedthevon
Karméan hypothesido determinea criteriafor a turbulent
boundarylayer of asymptoticthickness. The modi ed
HartmannnumberZ 15 which resultsfrom his ap-
proachif oneusesthe force formulation @) corresponds
relatively goodto the experimentalvalue, sincethelocal
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Figure5: Coefcient of the total dragfor the controlled
at plate

Hartmanmumberin the experimentis largerthanthe av-
eragedneof Z = 7:5. It is evident,thattheLorentzforce
necessaryo balanceturbulentlosseswill be higherthan
thatneededn thelaminarcase.

Force balancemeasurementsf the total drag of the at
platearegivenin Fig.B Cp denotesasusually thetotal
dragforceactingontheplatenormalizecdby thestagnation
pressureandthe areaof the plate. It is clearlyto be seen,
thatthemomentumaddedby thebodyforce predominates
theskinfriction increasealueto the steeperelocity gradi-
entatthewall. Thesameconclusioncouldbedrawn from
an integration of the velocity pro les in Fig.@ In con-
sequenc@necan nd a maximumreductionof the total
dragby morethan80%. However, this dragreductionis
indistinguishabldrom thrustandthe enegy expenditure
necessaryo feedthe electrodesxceedsby far the drag
reduction.

3.2 SeparationControl

Thewall jetin Fig.BatZ = 12:9indicateghestrongmo-
mentumincreasen the boundaryayerdueto theLorentz
force. Sinceboundarylayer separatioroccursowing to
an enegy de cit of the nearwall uid, the streamwise
Lorentzforce shouldbe ableto counteracseparation.
Separatiompreventionby electromagnetiforceshasbeen
studiedbothatasmall at plateandtwo hydrofoils. Flow
visualizationsof the o w aroundthe at platehave been
carriedout by meansof the hydrogen—ibble-techrique.
An openchannelwith acrosssectionof 200mm 200mm
lled with a sodiumhydroxide solutionwas used. The
NaOH concentratiorwas 0.8% giving an electricalcon-
ductiity of 2.5S/m.

Visualizationsof the ow aroundan inclined at plate
aregivenin Figs.B and[ll The ow is from the left to
theright. Fig. @ showvs the o w aroundthe plate with-
out Lorentzforce at anangleof attack = 18 . Since
the Reynolds numberbasedon the platelengthis small,
i.e.Re= 1:24 10 the o w separatelaminaratthelead-
ing edgewithout reattachment.Becauseof the leading
edgeseparationthe o w shouldbe in uenced alreadyat
thenoseof theplate. Consequentlthemagnet/electrode—
arrayis placedjust behindthe half cylinder forming the
leadingedgeof theplate.

The o w situationunderthein uence of a Lorentzforce
of N = 6:87is shavnin Fig.[4 As thebubblestripsindi-
catetheboundarylayeris attachedverthewholelength
of theplate.Dueto the pressureisein the outer o w, the
boundarylayer uid is stronglydeceleratedttheleading
edge. By the Lorentz force, the nearwall uid is sub-



Figure6: Inclinedplate: Lorentzforce off

jectedto anacceleratiorwhile passinghe plate. This can
be seenby looking at the shapeof the hydrogenbubble
stripesnearthe plate.

A coupleof larger bubblesleave the plate at the trailing

edge.Thesebig bubblesareformedby the electrolysisat
theelectrodesThein uence of the bubblemotiononthe
o w is signi cantly reduced|f the velocity of the outer
o w is increasedecausehe increasingshearstresdim-

its the maximumbubblesize.

Separatiorof o w causesa form or pressuredragon the
moving body simply due to the pressuredifferencebe-
tweenforward andbackward stagnatiorpoint. This form

dragestimategpracticallythe total dragof bluff bodiesat
higher Reynolds numbers. Separatiorprevention can
reducetheform dragto zero. Theapplicationof a stream-
wise Lorentzforce for separatiorpreventionhastwo ad-
ditional consequencesn the drag. On one handdueto

the exponentialforce distribution, the velocity gradient
at the wall and thereforewall friction is increased.On

the other hand, the force exerts thruston the body. At

high enoughforcing parameters con guration is possi-
ble, wherethrustovercomegirag.

Force balancemeasurementt determinedrag, lift and
pitching momentof two hydrofoils have againbeencar

ried out at HSVAs arctic ervironmentaltestbasin. The
samesodiumchloridesolutionasin the at plate experi-

mentssenedaselectrolyte.ThePTL IV hydrofoilshavea
shapeelatively similarto aNACA-0017pro le. Detailed
informationonthegeometnyis givenin [[15]. Both hydro-
foils spanwidth and chordlengthwass = 360mm and
¢ = 159mm, respectiely. The electromagnetisystemof

both platesdiffer in termsof electrodewidth a, surface
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Figure8: Cp versus for Re= 4 10% a=c= 0:03and
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Figure7: Inclinedplate: Lorentzforceon

inductionB andelectrodematerial.
In Fig. 8 dragvaluesof the PTL IV hydrofoil with a=c=
0:03 arepresentedor a ReynoldsnumberRe = 4 10

anddifferentN versusthe angleof attack . Thedrag
coefcient is de nedin theusualway as
_ Fo .
CD - EU—OZCS, (8)

with Fp denotingthe total force in streamwiselirection
as obtaineddirectly from the force balancemeasure-
ments. The Lorentzforce in Fig. 8 actson the suction
side of the hydrofoil only. At the low Reynoldsnumber
considerechere,separatioroccursfor N = 0 like atthe
at plateasleadingedgeseparationbut atanhigherincli-
nationangleof 13 . Sincetheseparatioroccursabruptly
a stepwiseincreaseof the drag coefcient follows. The
applicationof the Lorentzforce atthe suctionsideresults
for smallanglesof attack,i.e. in a situationwithout sep-
aration,in a decreasef the drag coefcient dueto the
momentumgain causeddy the force. The dragreduction
is relatively moderatq Cp = 0:024atN = 0:288and
Cp = 0:037atN = 0:845). A largereffectonthedrag
resultsfrom the separatiordelay At N = 0:288separa-
tionis postponedo = 14:7 therebyCp is reducedy
Cp = 0:044. At N = 0:845separatioroccurs rst for
> 16:6 ,resultingina Cp = 0:084
Especiallyon ahydrofoil, separatiordoesnt in uence the
dragalone,but alsothelift. Fig. 9 shavs thelift lift co-
ef cient versusthe angleof attackat differentinteraction
parameterdN . Hereby the lift coefcient is de ned in

0 5 10 15 20 25
a[’]

Figure9: C_ versus for Re= 2:9 10% a=c= 0:06and

differentinteractionparameter



analogyto thedragcoefcient as

_ R
CL = sUgcs’ ©)

HereF_ denotegheforceonthehydrofoilin thedirection
normalto the oncoming o w. Fig. 9 givesexperimental
valuesobtainedat Re = 2:9 10* anda=c = 0:06. As
in Fig. 8, the Lorentzforceis appliedat the suctionside
only. At N = Oseparatioriakesplaceat = 13 leading
to anabruptlift decreaself theLorentzforceis switched
on, alreadyat smallanglesof attackalift increasecanbe
seen. This lift increaseresultsfrom the additionalcircu-
lation causedy the acceleratiorof the suctionside o w.
Correspondindo thedragreductionat smallanglesof at-
tack,alsothelift increasalueto theenhancedirculation
is only moderate.Neverthelesst is possibleto obtaina
lift forceevenwithoutaninclinationof thehhydrofoil.

A muchlargerlift increaseresultsfrom the delayedsep-
arationof the suctionside o w at high anglesof attack.
The lift coefcient increasedurther monotonicallywith
growing angleof attackup to a point, wherethe Lorentz
forceis not any moreableto withstandthe pressuregra-
dientof the outer o w. From Fig. 9 one candetect,that
for the hydrofoil with a=c= 0:06 atRe = 2:9 10* and
N = 2:67stallcanbedelayedupto = 21 . Thisresults
in anincreaseof thelift coefcient by 92%in comparison
to theunforced o w.

4 Conclusionand Outlook

Thein uence of a streamwisd_orentzforce on the ow
alonga at platehasbeenstudiedin a saltwater o w. The
experimentsshav a strongacceleratiorof the nearwall
ow if electromagnetidorcesof sufcient strengthare
applied. The applicationof the streamwiseforce to the
control of separatiorat aninclined plateandtwo hydro-
foils hasbeensuccessfullydemonstratedStall is delayed
to higheranglesof attackresultingin anincreasdén max-
imum lift anda decreasén total dragof the hydrofoils.
Experimentson transition delay of a laminar boundary
layer are scheduledor the nearfuture. They will focus
on the in uence of the force inhomogeneitie®n the de-
velopingpro le. Ontheotherhand,experimentsaimedto
control o w separatiorat higher Reynolds numberswill
be performedn orderto determinethe scaleup of the ap-
proach.
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